SUNTO. -I vetri sono sistemi di materia condensata con proprietà fisiche intermedie tra quelle dei liquidi e quelle dei solidi. La loro struttura atomistica è determinata sia dalla loro storia termica sia dai metodi di preparazione. Da un punto di vista formale ciò corrisponde a un'iper-superficie di energia configurazionale di topologia molto complessa, caratterizzata da molti diversi bacini che differiscono per forma, estensione e profondità. Il sistema può essere intrappolato in ciascuno di essi, assumendo proprietà fisiche significativamente diverse. È stato dimostrato sperimentalmente che è possibile ottenere uno stato vetroso per deposizione di molecole organiche da fase vapore su un substrato solido. In questo caso la fisica del vetro risultante è ancora più complessa perché entrano in gioco fattori addizionali, quale ad esempio l'anisotropia della sottostante struttura molecolare. Abbiamo generato al computer un insieme di campioni di vetri organici costituiti da molecole TPD, mimando il processo di deposizione da fase vapore e ne abbiamo calcolato le proprietà termiche mediante tecniche di simulazione atomistica. In particolare, abbiamo elaborato un modello molto accurato capace (i) di spiegare le risultanze sperimentali indicanti un carattere fortemente anisotropo nella trasmissione di calore e (ii) di predire l'andamento in temperatura del calore specifico di questi vetri. In particolare, riportiamo nel regime quantistico di bassissime temperature l'evidenza di un'interessante anomalia rispetto ai sistemi cristallini. *** ABSTRACT. -Glassy materials are condensed matter systems showing physical properties in between solids and liquids and retaining information about the thermal history they have been subjected to and the way they have been prepared. Formally, this implies that their configurational energy landscape is a complex multi-dimensional surface, showing quite a few basins with different depths, widths, and shapes: the system can be trapped in any of them, assuming very unlike physical properties. Recently, it has been demonstrated experimentally that a glassy system can be grown by physical vapor deposition of organic molecules on a substrate. The physics of such organic glasses is (*) Dipartimento di Fisica dell'Università di Cagliari, Italia. (**) Istituto Lombardo Accademia di Scienze e Lettere, Milano. Dipartimento di Fisica dell'Università di Cagliari, Italia. E-mail: luciano.colombo@unica.it enriched by a new feature, namely: the anisotropic molecular structure of the basic building blocks used to assemble the film. TPD-based organic glasses have been generated by atomistic simulations that mimic vapor deposition and their thermal properties have been accordingly calculated. Simulations generate a rational phenomenology, providing robust evidence that heat transfer is not isotropic but, rather, correlated to an inherent molecular property, namely the axial structure of the TPD molecule. Furthermore, we present the first theoretical prediction of the specific heat trend versus temperature, showing in the quantum regime an intriguing anomaly with respect to crystalline systems.
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INTRODUCTION
Glasses can be looked at as fluid systems that lost their ability to flow: in fact, from a structural point of view a glass is practically indistinguishable from the liquid phase prior to its formation. Glassy materials combine the disordered structure of a liquid with the physical properties of a solid: this unique combination makes them really interesting under many respects.
Upon cooling below the freezing temperature (hereafter referred to as T m ) molecular motion slows down. If the liquid is cooled sufficiently fast, crystallization can be avoided and "supercooled liquid" regime is achieved, that is a metastable phase is formed in which molecules will rearrange so slowly that they cannot adequately sample configurations in the available time allowed by the cooling rate [1, 2] . This characteristic relaxation time can increase by several orders of magnitude (i.e. up to 10 2 -10 3 seconds), while the rate of change of volume or enthalpy with respect to temperature decreases abruptly (but continuously) to a value comparable to that of a crystalline solid. The temperature at which these changes occur is referred to as the glass transition temperature (hereafter referred to as T g ). Typical laboratory cooling rates vary from 0.1 to 100 K/min, considerably slower than the rates achievable in computer simulations. The slower a liquid is cooled down, the longer is the time available for configurational sampling at each temperature and, hence, the colder turns out to lie the state reached by the system before falling out of liquid-state equilibrium. Consequently, T g increases with cooling rate [3, 4] . The properties of a glass, therefore, depend on the process by which it is formed. Furthermore, glassy systems can be described in terms of a potential energy landscape, their thermodynamics and kinetics being controlled by the minima and barriers on the landscape, respectively [1] [2] [3] [4] [5] . Many important issues could be addressed if liquids or glasses with very low energies could be generated [6] [7] [8] . For example, it might be possible to definitively understand the Kauzmann entropy crisis [9] [10] [11] .
Organic glasses represent a special kind of vitreous systems, interesting for both basic science and technological applications [12] . Their use in electronics as organic light-emitting devices (OLEDs) [13] is no longer a lab curiosity but, rather, a mature technology for high-performance displays [13, 14] . On the other hand, solid-state lightning applications requiring high brightness, are still out-of-reach due to the poor thermal stability of the organic materials: as a matter of fact, thermal stress and degradation [15] , together with the fact that both the luminescence and the lifetime of OLEDs decreases when operated at high temperatures [16] , are widely reported facts. In this respect, an appropriate understanding of their thermal properties may help designing materials with power dissipation characteristics tailored to minimize heat accumulation in OLEDs [17, 18] or to reduce heat flow while increasing charge transport. In a different perspective, their semiconductor nature and their inherent low thermal conductivities make them suitable candidates for thermoelectric generators [19] [20] [21] [22] . Most of the previous studies in this direction have been addressed to polymer-based devices, rather than to small-molecule organic semiconductors [23] .
Recently, it has been reported that vapor deposition can bypass the kinetic restrictions typically observed during glass formation and, thus, generate a new class of glassy materials with extraordinary energetic and kinetic stability, as well as unusually high densities. In particular, such achievements have been demonstrated for two organic glass formers: 1,3-bis-(1-naphthyl)-5-(2-naphthyl)benzene (TNB) (T g =347 K) and indomethacin (IMC) (T g =315 K) [24] . Physical vapor deposition has been also shown to be a suitable tool for tailoring the properties of the deposited layers [25] [26] [27] [28] [29] [30] [31] [32] . When the deposition conditions (basically, the substrate temperature and the growth rate) are properly set, then glasses with exceptional thermodynamic and kinetic stability [25, 27, 28, 33] , high densities [26, [34] [35] [36] , low heat capacities [29, 37] , low water uptake [38] or high moduli [39] can be obtained. These systems, named as "ultrastable", are currently gaining attention within the glass community, and a recent report demonstrates the improved packing of these glasses can yield to outstanding improvements in OLEDs efficiency [40] .
An interesting feature of some vapor-deposited organic glasses is that molecules can arrange with a preferential spatial orientation, differing from the random distribution typical of a isotropic glass. Recent studies addressed this issue and its influence on the efficiency of OLEDs [41] . The existence of molecular packing anisotropy in vapordeposited organic semiconductor thin film glasses was first identified by Lin et al. [42] . Yokoyama and coworkers [43, 44] studied the degree of orientation depending on the molecular aspect ratio of the molecule and the deposition conditions. Dalal et al. [25] performed dichroism and birefringence measurements on several organic semiconductors and proposed the ratio between the deposition temperature and the glass transition temperature, T dep /T g , to be the primary parameter affecting the molecular orientation. In particular, it has been shown that the lower the substrate temperature during growth, the higher the tendency towards horizontal orientation. This tunable molecular orientation provides new opportunities to tailor the electrical, thermal and optical properties of the glassy materials. Many investigations have been also focused on the electronic transport properties of organic glasses and crystals, since this is a key parameter for the use of such materials in optoelectronic devices [45] .
On the other hand, thermal properties of small-molecule organic glasses remain largely unexplored: in fact, just few studies are reported on heat transport features [46, 47] . In general, it is well known that structural disorder largely affects thermal conductivity: for instance, in silicon its room-temperature value varies from 150 W m −1 K −1 in a crystalline sample to ~1.4 W m −1 K −1 in an amorphous one [48, 49] . This low value is understood in the framework of the minimum thermal conductivity model, where only atomic vibrations with mean free paths of the order of the interatomic distance mainly contribute to heat transport [50] . By the very nature or organic materials, the van der Waals (vdW) interactions among molecules are expected to have a remarkable effect on heat propagation, while structural disorder is expected to play a comparatively less dramatic effect on the thermal conductivity compared to their inorganic counterparts. It is however hard to go beyond the above qualitative expectations, since our understanding of heat conduction in organic glasses is still limited by the largely incomplete knowledge about the actual mechanisms ruling over thermal energy exchange and how the glass atomic-scale morphology affects transport. In particular, available measurements on thin-film organic crystals lack a proper understanding of how anisotropy may affect thermal transport along and perpendicular to the molecular chain. Ac-calorimetry was previously used to extract the thermal diffusivity of rubrene layers [51] . The thermal anisotropy ratio defined as the relative difference between in-plane and throughplane conductivity, (κ || −κ ⊥ )/κ ⊥ (see Fig. 1 ), was larger than 100% indicating poor thermal transport across the phenyl groups of the rubrene molecules. On the contrary measurements on 6, 13-Bis(triisopropylsilylethynyl)pentacene, TIPSpn, show the through-plane thermal diffusivity is larger than the in-plane one due to an excellent π-orbital overlap [52] . The role of thermal anisotropy has been already addressed in polymeric samples [53] where rubbing or stretching has been used to produce the alignment of the backbone of the polymer along the fiber direction. In this case, the conductivity along the axis of the polymeric chain can be up to 20 times higher than in the perpendicular direction [54] .
In this work we report a thorough investigation on the thermal properties of TPD-based organic glasses. In particular, we provide evidence that, by tuning the molecular orientation, the resulting thermal anisotropy ratio can be modified to nearly 16%. This change is mainly driven by the molecular packing anisotropy in the glass. We also prove that thermal transport along the TPD molecule backbone is strongly preferred with respect to the perpendicular direction due to a stronger molecular interaction in the former. Finally, we calculate the heat capacity of the same TPD-based organic glass predicting its trend of variation in the low temperature quantum regime.
METHODS

Calculating thermal conductivity
In the present work we investigated thermal properties of organic glasses by means of two different approaches, both relying on classical molecular dynamics simulations.
In the first case, the thermal conductivity tensor of a system of volume V at temperature T is calculated, according to the equilibrium Green-Kubo formalism, by evaluating the auto-correlation function of the heat flux (t) Fig. 1 
where is the ensemble average and λ, μ = x, y, z. The heat current is evaluated through its virial expression [55] ( 2) where e i is the per-atom energy (including both the potential and the kinetic conribution) of the i-th particle and is the corresponding position. The evaluation of (t) requires the calculation of several contributions, provided by the kinetic energy, the Coulomb potential energy, and all potential energy terms describing the bond, angle, dihedral, and improper contributions (looped over all the atomic pairs, triplets, and quadruplets).
In order to evaluate the Green-Kubo integral appearing in eq.(1) the system was at first aged for 20 ps in the constant-temperature constant-volume ensemble (Nosé-Hoover thermostats have been used). Then a microcanonical run followed for another 300 ps, correlating the heat current each 5 timesteps. The thermal conductivity was calculated throughout the whole microcanonical run, by considering the average value taken over the last 50 ps of simulation.
In the second case, simulations are performed in the transient regime which stands between a suitable initial non-equilibrium configuration and the final equilibrium state. The Approach-to-Equilibrium Molecular Dynamics (AEMD) method was here adopted [56] , based on the solution of the one-dimensional heat equation. More specifically, a step-like temperature profile with an initial offset T 1 −T 2 is imposed along, say, the z direction. By imposing the periodic boundary condi-tions, the heat equation is readily solved and the most general solution for the time variation of the temperature profile is expressed in terms of Fourier series as (3) where α n =2πn/L z , is thermal diffusivity of the simulated system, and the coefficients A 0 , A n and B n depend only on the initial condition. Thus, the analytic solution T(z,t) depends on the geometry of the problem, on initial temperature drop, and on thermal diffusivity which is related to thermal conductivity through . This protocol can be easily implemented in a MD simulation: once that the left and right regions of the simulation cell have been initially thermostatted at temperature T 1 and T 2 respectively, the system is then aged in a microcanonical run and the initial step-like temperature profile is progressively smoothed by thermal conduction. It is, therefore, possible to define the average temperatures T 1,ave and T 2,ave in the two semi-cells, which will vary in time while the system is approaching a uniform temperature (i.e. equilibrium) configuration. During such a transient regime the time-dependent difference in average temperatures ΔT(t)= T 1,ave -T 2,ave is calculated by exploiting eq. (3) and it displays as (4) where the coefficients C n include information on the geometry and on the initial conditions (5) The temperature difference ΔT(t) is computed on-the-fly during the NVE run, and the collected data are eventually fitted by the analytic solution given in eq.(4) in order to obtain the system thermal diffusivity .
Fig. 2. Schematic representation of a TPD molecule.
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The force field
The TPD molecule, shown in Fig. 2 , is modeled according to the CVFF force field [57] , where cross-coupling terms between the various bonded objects provide an accurate description of intramolecular interactions. The non-bonding interactions are, in turn, described by a superposition of a Lennard-Jones potential (addressed to describing the vdW contribution) and a Coulomb term as follows (6) where the sum is performed over all the pairs of non-bonded atoms. The Lennard-Jones term is truncated by a cut-off set at 10.0 Å, while a particle-particle particle-mesh solver approach is adopted to solve the electrostatic problem in the reciprocal space. Coulomb interactions are calculated by assuming fixed charges, as previously obtained by fitting the electrostatic potential of an all-electron Hartree-Fock calculation performed with a medium-sized basis set 6−31G*. The fitting was performed using the RESP method. [58, 59] Finally, the Tersoff [60] force field is adopted to describe the silicon substrate, giving such bond-order potential also the role of describing the interactions among molecular carbon atoms and silicon atoms in the substrate.
Molecular Dynamics simulations
Molecular dynamics simulations are executed by means of the LAMMPS [61] package.
Equations of motion are integrated according to the velocityVerlet algorithm with a time step of 0.5 fs. Time integration is performed on Nosé-Hoover non-Hamiltonian equations for both constant-pressure (NPT) and constant-temperature (NVT) runs, respectively used to reach equilibrium density at a given temperature and to further equilibrate the sample at a given temperature. Thermostatting and barostatting are achieved by a coupling parameter of 50.0 fs and a relaxation time of 500.0 fs, respectively.
Sample preparation
In order to generate TPD-based glassy samples, we exploited RICCARDO DETTORI, LUCIANO COLOMBO the role of the substrate to enforce anisotropy. A silicon substrate obtained by 20 a 0 × 20 a 0 × 5 a 0 replicas of the conventional cell was at first realized, replicating the geometry shown in Fig. 1 (here a 0 =5.4305 Å is the equilibrium silicon lattice constant for the adopted Tersoff potential). Next, two kinds of anisotropic TPD films have been realized (hereafter respectively referred to as xy-ISO and ANIS), both are characterized by a preferential in-plane molecular orientation. This feature has been obtained by enforcing the alignment of any molecular axis parallel to the substrate (see Fig. 1) .
A first layer of 47 molecules was placed on top of the substrate, followed by a geometry optimization and a low temperature (T=1K) annealing for 100 ps. While the in-plane alignment was totally random in the xy-ISO sample, TPD molecules have been further enforced to align along the x direction in the ANIS sample. The difference is important: as for xy-ISO samples there was no in-plane order, while in the ANIS samples molecular axes were mainly oriented along a given in-plane direction. The above procedure was then repeated piling up 16 layers: at each step the whole structure was very carefully relaxed. This effectively generated a 6.9 nm-thick film of 752 TPD molecules, which resulted aligned parallel to the substrate (although with different in-plane arrangement, as discussed above). Eventually, any resulting sample sample was gently heated up (by a 10 −4 K/fs heating rate) and then equilibrated (400 ps + 100 ps) at the measurement temperature, obtaining a mass density in the range 1.080−1.085 g/cm 3 , for the ANIS samples, and 1.069−1.079 g/cm 3 for the xy-ISO.
A different procedure was instead followed to generate a fully isotropic sample, which will be referred to as ISO. More specifically, the xy-ISO sample was used as starting configuration: the deposited film was heated up to 900 K during a 300 ps-long NVT run and then annealed for further 500 ps. The molecular orientation was carefully monitored on-the-fly to control the setup of a fully isotropic situation.
The TPD film was eventually cooled (at 10 −4 K/fs rate) and the equilibrated at the measurement temperature, resulting into a density in the range 1.059−1.065 g/cm 3 . Representative views of the structures are shown in Fig. 3 . In short, the sequence (ISO)-(xy-ISO)-(ANIS) provides an increasing character of molecular anisotropy.
RESULTS AND DISCUSSION
Anisotropic thermal conductivity
The calculated values of thermal conductivity resulted somewhat larger than those obtained experimentally. More specifically, at room temperature we get for the ISO sample 0.85 W m −1 K −1 to be compared with the experimental value 0.15 W m −1 K −1 [62] . This is very likely related to the adopted force-field, describing both intra-and intermolecular forces just approximately. MD simulations are nevertheless a powerful tool to provide trends and relative values. Therefore, in order to compare theoretical and experimental results, we opted for (i) normalizing any calculated thermal conductivity to the value obtained at T=320 K (corresponding to the simulated temperature closest to the actual experimental glass transition temperature) and (ii) averaging over the three main transport directions, i.e. setting (κ xx +κ yy + κ zz )/κ T=320K =1. The resulting picture is consistent with experimental evidence [62] as shown in Fig. 4 where the thermal conductivity of the investigated TPD films is reported for three the different directions. In particular, we remark that the ANIS sample is more efficient in carrying heat along the x direction than in any other direction and it also results more efficient than the ISO or xy-ISO samples. Interesting enough, the ISO sample shows higher conductivity values along the z direction (i.e. along the through-plane direction): we argue that this is due to the enforced planar stacking parallel to the substrate occurring in both the xy-ISO and ANIS samples.
Finally, we investigated the relative difference in both the in-plane and the through-plane conductivities, respectively defined as (7) As shown in panel (a) of Fig. 5 , thermal transport is largely affected by the molecular orientation, since ∆κ in-plane is found to be a remarkable ~9% for the ANIS sample, while it is very close to zero for the xy-ISO sample (as indeed expected for an isotropic configuration). In any case, the temperature effect is minor. This picture is fully confirmed by computing the through-plane relative difference as reported in panel (b) of Fig. 5 . In this case temperature effects are more important, since by heating the ANIS sample we largely affect its preferential molecular alignment along the x direction.
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In summary, we argue that the substrate drives molecules to preferentially align their molecular backbone with in-plane orientation; furthermore, inherent anisotropy features of the TPD molecule are to a large extent preserved even at relatively high temperature. 
Molecular orientation
More physical insight on transport features is provided by an indepth analysis of the molecular orientation. The spatial orientation of TPD molecules can be unambiguously specified by defining two vectors, namely: (i) the vector lying along the direction linking the nitrogen atoms of the molecule (hereafter labeled as NN-vector), shown in panel (a) of Fig. 6 , and (ii) the vector identifying the direction normal to the plane containing the molecule (hereafter labeled as planar vector), shown in panel (b) of Fig. 6 . This latter is defined by considering the vector product between the two vectors joining one nitrogen atom to two carbon atoms of the opposite aromatic ring of the TPD backbone. The distribution of the angles formed by the NN-vector and the planar vector with the three cartesian axes (shown in Fig. 6 as dashed lines) provides information about the molecular orientations in each sample (we remind that the cartesian coordinates are defined as reported in Fig. 3) . In Fig. 7 a thorough another interesting feature is that ANIS sample shows a distribution peaked around cos(φ x )=0, suggesting that molecules are on average parallel to the xy-plane and aligned along x. On the other hand, the ISO sample shows a broad and flatter distribution due to a random orientation of the molecular plane.
• Panel (e): the ANIS sample shows a flat distribution, corresponding to a randomly tilted orientation of the molecular plane with respect to y. This does not affect thermal transport since for such a system thermal conduction preferentially occurs along the x direction. The ISO sample has the same distribution shown in panel d.
• Panel (f): the distribution is peaked at cos(φ z )=±1 for the ANIS sample, accounting for a preferential stacking arrangement along the z direction. The same distribution for the ISO sample, in turn, is almost flat as a consequence of the isotropy of the system. The small shoulders at cos(φ z ) ≅ ±1 are due to those molecules direct-ly attached to the substrate and to those molecules in the last plane of the TPD film, since they preserve an overall planar arrangement.
Fig. 7. Upper panels: angular distribution of the NN-vectors projected along the x-(panel a), y-(panel b), and z-direction (panel c) for the ANIS sample (purple lines) and the xy-ISO sample (green line). Lower panel: angular distribution of the planar-vectors projected along the x-(panel d), y-(panel e), and z-direction (panel f) for the ANIS sample (purple lines) and the ISO sample (yellow line).
A phenomenological model for TPD thermal conductance
Anisotropic thermal transport suggests that a different heat flux is experienced by molecules oriented along the backbone direction or through π -π stacking, which occurs in the normal-to-backbone direction.
In order to validate the above guess, two different quasi-1D structures were simulated, namely: (i) a linear bundle of TPD molecules aligned along the N-N axis and (ii) a line-up of TPD molecules aligned along the direction of π−π bonding. Such configurations are shown in Fig. 8 and they will be hereafter referred to as backbone stacking or π−π stacking, respectively. A structural unit containing 2 × 2 × 2 TPD molecules is replicated along either backbone or π−π stacking directions. The resulting structures were equilibrated with a low temperature NVT dynamics followed by an NPT relaxation for a total simula-tion time of 200 ps. The simulation cell was relaxed only along the direction of 1D alignment. Due to the TPD geometry, the π−π configuration results more packed than the backbone chain and the same number of molecules produced a shorter π-π stacking configuration. Both pseudo-1D samples were prepared with the same density, namely: ρ backbone =0.83 g/cm 3 and ρ π−π stacking =0.84 g/cm 3 . Fig. 9 reports the thermal conductivity vs chain length L for both stackings: a quite different upper limit is found for long enough systems, thus confirming that heat transport is favored along the backbone direction (70% higher thermal conductivity). Moreover, a much larger number of TPD molecules is needed to reach the upper conductivity value for π-π stacking, definitely confirming a less efficient transport mechanism along this direction.
Stacking vs backbone
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Fig. 10. Configurational energy E vdW due to van der Waals interactions only calculated as a function of the average intermolecular distance r inter .
Intermolecular interactions
In order to explain the results reported in the previous subsection, we evaluated the interaction strength between molecules for both stackings as function of the inter-molecular spacing.
The average intermolecular distance r inter was varied in the range 4.75Å ≤ r inter ≤ 7.5Å and the corresponding configurational energy has been computed as shown in Fig. 10 . The resulting potential energy profile nearby the equilibrium distance is basically harmonic, while at smaller/higher distances the onset of anharmonic behavior is observed, as expected. A parabolic fitting near the minimum yields the effective force constant K characterizing the intermolecular coupling within a simple spring-and-ball picture according to (8) where E 0 is the energy minimum located at r 0 . We calculated K backbone = 824.7 kcal/molÅ 2 , r backbone = 6.39 Å and E 0,backbone = 5047.2 kcal/mol, for the backbone configuration and K stacking = 312.7 kcal/molÅ 2 , r stacking = 5.67 Å and E 0,stacking = 5202.8 kcal/mol for the stacking configuration.
Consistently with the adopted picture, it can be argued that a stiffer effective spring value translates into a more efficient thermal conduction, according to the following twofold heuristic argument. In general, thermal conductivity is proportional to the group velocity of heat carriers: since a larger force constant causes a steeper vibrational branch, this reflects into a higher group velocity. On the other hand, heat current basically represents the energy transferred by a flux of carriers corresponding to atomic vibrations: the higher the force constant, the higher the vibrational energy, the higher the energy of such heat carriers. The thermal anisotropy reported here qualitatively agrees with observations in aligned polymers systems where an increase in the strength of intermolecular forces leads to an enhancement of the thermal conductivity [53] . The in-plane and throughplane conductance can be estimated considering that the molecules and vdW interactions form a thermal resistive network, as shown in Fig. 11 .
Fig. 11. Schematics of thermal resistance network in the in-plane direction (left) and the through-plane direction (right). R vdW and R mol account for the strength of the inter-molecular and intra-molecular interactions, respectively.
The interface thermal resistance (ITR), a measure of the effective thermal coupling between neighboring molecules joined by weak vdW interactions, is assumed to dominate thermal transport if both molecules and vdW interactions can be seen as forming a thermal resistive network. The stronger molecular interaction effectively corresponds to a lower ITR (higher thermal interface conductance), while the intermolecular π−π stacking entails higher thermal resistance between molecules. Within such a network model, the total thermal resistance can be written as the sum of the two series resistances R T = R T,mol + R T,vdW = N mol R mol +N vdW R vdW , where N mol and N vdW are the number of molecular and vdW units, respectively, while R mol and R vdW are the resistances associated to each unit, respectively.
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Writing the above R T in terms of the individual conductivities yields to (9) with L mol and L vdW being the lengths of the single units. Therefore, we can write the total conductance (along a specific direction) as (10) where L is the total sample length and κ is the computed thermal conductivity (along a specific direction). Assuming that the conductance is dominated by an ITR due to vdW interactions, we guess κ mol >> κ vdW leading to a simplified expression (11) Combining Eqs. (10) and (11), an expression of the thermal interface conductance for the interatomic interactions is obtained (12) Where G vdW stands for the conductance of an individual unit (the interface thermal conductance due to vdW interactions). In order to use eq. (12) we need to evaluate the average distance between molecules, i.e. the L=L mol + L vdW term, for both the in-plane and the through-plane directions. This quantity has been evaluated from the simulated XRD profiles reported in Fig. 12 which, in turn, have been calculated following the procedure described in Ref. [63] for both the ANIS and xy-ISO samples at T=300 K with an incident wavelength λ=1.541 Å as used in similar GIWAXS studies [64, 65] . The XRD patterns were calculated by considering only the nitrogen atoms belonging to different TPD molecules. This choice allowed to unveil the inter-diffraction chain structural features discarding the intramolecular peaks.
The simulated average distances are, respectively, 4.50 Å (4.58 Å) and 5.9 Å (6.0 Å) in the through-plane and in-plane, respectively, for the ANIS (xy-ISO) sample. Experimentally [67] the distance between molecules in the through-plane direction is well defined by the lowangle XRD peak located at Q ∼ 1.4 Å −1 providing a 4.5 Å value, indeed very close to our calculated one. The in-plane counterpart is more difficult to evaluate experimentally, since several low-angle peaks or shoulders appear at 1.2, 1.0 and 0.75 Å −1 . A rough average provides a mean distance value of about 6 Å, once again close to our results. The agreement between simulated and experimental data support the suitability of the simulated structure.
We can now finalize the thermal conductance calculation. According to Fourier law, the heat flux J is proportional to the temperature difference ∆T through J=G∆T, where G is the thermal conductance. Considering the in-plane and through-plane values of the thermal conductivity obtained for the experimental samples [62] ) that is purely a vdW-like interaction [70] . 
Heat capacity of TPD
In order to complete the investigation on the thermal properties of TPD glassy films, we calculated their constant-volume heat capacity C v QHA (T) within the quasi-harmonic approximation [71] as (13) where the vibrational density of states (vDOS) g(ω) is integrated considering the Bose-Einstein weighing factor , where ω are the frequencies of the 3N vibrational modes in the TPD film. In order to determine the vibrational spectra, we followed the procedure described in Ref. [72] by building and diagonalizing the corresponding dynamical matrix (14) where we considered the gradients of the force F iα acting on the i-th atom with mass m i along the α-direction caused by an infinitesimal displacement of the j-th atom with mass m j along the β-direction. Here i,j=1, 2, …, N where N counts for the total number of atoms in the simulation cell and α and β indicate the Cartesian coordinates. MD simulations provide direct computation of F i and the first order derivatives have been numerically computed by finite difference with an atomic displacement as small as 5×10 -4 Å. From the diagonalization of the dynamical matrix, eigenvectors e s and eigenvalues ω s 2 are obtained, where s = 1, ..., 3N counts eigenmodes. We used the SLEPc library for matrix diagonalization [73] [74] [75] [76] . This procedure allowed us to calculate the vDOS of the aforementioned three samples ISO, xy-ISO, and ANIS as reported in Fig. 13 . The density of vibrational states does not change appreciably for the two anisotropic TPD systems: we argue that the vibrational properties are mostly influenced by the planar stacking of the molecules with respect to the substrate, as already pointed out by thermal conductivity calculations. On the other hand, the vDOS shows remarkable variations when comparing isotropic and anisotropic samples: the differences mostly occur in the region 1000-2000 cm -1 , which characterize the C-C and C-N stretching modes.
The calculated C v QHA (T) are reported in Fig. 14 and compared with the available high-temperature experimental data [62] : the agreement is just very good, thus establishing the reliability of the present theoretical framework. It is interesting to focus on the low temperature regime, which is shown in Fig. 15 . While for a 3-dimensional assembly of harmonic oscillators it is predicted C v QHA (T) ~ T 3 (a behavior typical of inorganic crystalline materials successfully established by Debye theory), we observe that for any TPD film here investigated a rather different -and more complextrend is observed, regardless the degree of isotropicity. In particular:
THERMAL PROPERTIES OF TPD-BASED ORGANIC GLASSES • In the very low temperature regime (i.e. below 2 K) we observe that the heat capacity increases linearly with temperature: this feature has been found as well in many ordinary glassy or amorphous materials [77] [78] [79] [80] and it is usually interpreted as tunneling of atoms (or groups of atoms) between two (or more) possible equilibrium positions characterized by similar energy (two levels system model). An asymmetric double-well potential is in general used for describing local rearrangements of atoms. • In the upper 10 K -15 K temperature range the temperature dependence abruptly change. However, while ordinary glassy materials in this range recover the standard ~ T 3 dependence, our calculations unambiguously show that this is not the case for the investigated TPD glasses. More specifically, by fitting the calculated values for the ISO sample the range 4 K < T < 10 K, we clearly get a heat capacity varying as . Similar results are obtained for the anisotropic samples. We attribute this remarkable difference with respect to the standard behavior to the very nature of the organic glasses: we argue that the molecular nature of the TPD system does not match the concept of an ensemble of independent (harmonic) atomic oscillators underlying the Debye theory for the heat capacity of a crystalline solid. In fact, organic molecules are rather complex systems which, besides the stretching of the intramolecular bonds due to the oscillations of the atoms around their equilibrium positions, are characterized by quite different degrees of freedom, including bond-bending and librations of several different bond-angles. We believe that the here predicted anomalous behavior of the heat capacity in the low temperature regimes could play an important role in the ongoing search for possible boson peak effects in organic glasses. As a matter of fact, in order to assess the possible existence of such a peak, one should compare measured (or computed) data to a reference theoretical model which, according to present results, should not be the typical Debye-like ~ T 3 behavior. Further investigations are, therefore, required in order to provide a detailed explanation of the observed trends: in particular, a critical readdressing of the theoretical framework for the evaluation of the heat capacity could explain the different T-dependence with respect to inorganic amorphous or crystalline materials, possibly providing a universal low-temperature behavior for organic glasses.
CONCLUSIONS
In this work we performed atomistic simulations to investigate thermal properties of TPD-based organic semiconductor glassy systems, exhibiting interesting structural features related to the strongly anisotropic morphology of the constitutive molecule.
In particular, we realized three different samples, characterized by different degrees of anisotropy, and we calculated thermal conductivity in order to highlight possible thermal anisotropy. The results have been correlated to the efficiency in transferring heat along different directions: in particular, we found that the intermolecular conductance characterizing the connections along the N-N axis of the molecule (i.e. those identified by the σ-σ bond) are much higher than that occurring along the direction of the π-π stacking. We attributed this difference to an increased intensity in the intermolecular interactions.
In addition, we provided the first theoretical evaluation of the heat capacity C v of a TPD-based glassy system in the quasi-harmonic approximation framework. We provide the first evidence that the lowtemperature heat capacity strongly deviates from the typical C v~ T 3 behavior predicted for inorganic systems, although the linear trend for very low temperatures is still observed.
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